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Abstract 

The chimeric peptide M35 [galanin(l-13)-bradykinin(2-9)amide] is a high-affinity galanin receptor ligand acting as a 
galanin receptor antagonist in the rat spinal cord, rat hippocampus and isolated mouse pancreatic islets. We have 
radiolabeled M35 and performed equilibrium binding studies with [ 125 I]M35 on the rat pancreatic j3-cell line Rin m 5F, 
whereby we show the existence of a high-affinity binding site (K D — 0.9 ± 0.1 nM) with a of 72 ± 3 fmol/mg 

protein. Galanin displaces [ 125 I]M35 with the same affinity (K D = 1 nM) as it displaces [ 125 I]galanin. Displacement of 
[ ,25 Ilgalanin by M35 from Rin m 5F cell membranes shows the presence of two binding sites for M35 with K D ~ values of 
0.3 ±0.1 nM and 0.52 ± 0.03 jbtM, respectively. The GTP- and pertussis toxin-sensitivity of M35 binding to Rin m 5F 
membranes shows that binding of [ 125 I]M35 is almost completely abolished by the presence of GTP or after pertussis toxin 
treatment of the cells, indicating an agonist-like binding of M35 to the galanin receptors. M35 has a dual effect on the 
galanin mediated inhibition of forskolin stimulated cyclic AMP production in Rin m 5F cells: at low concentrations M35 
antagonises the effect of galanin, whereas at concentrations above 10 nM M35 acts as a galanin receptor agonist. These 
agonist-like effects of galanin and M35 are not additive, thus the mixed agonist/antagonist properties arise from the 
chimeric nature of M35 [galanin(l-13)-bradykinin(2-9)amide] acting solely at galanin receptors. 
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1. Introduction 

Galanin, a 29 amino acid long neuropeptide [22], 
is widely distributed and has a number of biological 
functions in both the central and peripheral nervous 
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systems as well as in the endocrine system [3,13,21], 
Previously, [ 125 1]-Tyr 26 -galanin has been used when 
examining the distribution of galanin receptors by 
equilibrium binding [9,14] and by receptor auto- 
radiography [19], Galanin receptors interact with the 
Gj/G 0 subtypes of pertussis toxin ADP-ribosylable 
G-proteins, as shown both in ligand binding studies 
[9,14] and in studies of second messenger production 
in vitro and in vivo [6,8]. The interaction between 
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gal an in receptors and Gi/Go-proteins has been 
demonstrated to be so strong that the solubilisation 
of rat brain membranes by (3-[(3-cholamidopropyl)- 
dimethyiammonio]-l-propane-sulfonate (CHAPS) 
yields galanin receptor/ Gj-protein a-subunit com- 
plexes [5]. In view of this strong association between 
galanin receptors and Gj/G 0 -proteins it is desirable 
to characterise galanin receptors not only with ago- 
nists, but also with labelled antagonists. 

We have recently designed and synthesised sev- 
eral chimeric peptides which act as galanin receptor 
antagonists in various assay systems [2]. Among 
these chimeric peptides, M35 - galanin(l-13)- 
bradykinin(2-9)amide - was shown to counteract 
the galanin mediated inhibition of glucose . induced 
insulin release from isolated mouse pancreatic islets 
[11]. The role of endogenous galanin in the regula- 
tion of pain threshold was demonstrated using M35 
as a galanin receptor antagonist [23], and further- 
more, the galanin induced impairment of cognitive 
functions in rats can be reversed by i.c.v. injections 
of M35, as measured in a Morris-swim maze [24]. 
However, in the rat gastrointestinal smooth muscle 
this chimeric peptide behaves as an agonist having 
equal potency to galanin [12]. These data indicate 
that the actions of M35 at galanin receptors can be 
concentration-dependent and differ depending on the 
tissue studied and may thus reflect the presence of 
different subtypes of galanin receptors. In the present 
study, we have characterised the interactions of 125 1- 
labelled and non-labelled M35 with galanin receptors 
of the rat pancreatic tumour cell line Rin m 5F, 
which expresses a high number of galanin receptors. 
Radioiodination of M35 was carried out in order to 
directly examine ligand-receptor binding interac- 
tions, and the agonist/antagonist effect of M35 on 
the galanin mediated inhibition of forskolin-stimu- 
lated cAMP production was studied. 

2. Materials and methods 

2.1. Peptide synthesis 

Peptides were assembled in a stepwise manner on 
a solid support using an Applied Biosystems Model 
431 A Peptide Synthesiser. terf-Boc-amino acids were 
coupled to 4-methyl-benzylhydryl amine resin 



(Bachem Feinchemikalien AG, Bubendorf, Switzer- 
land) as hydroxybenzotriazole esters in order to ob- 
tain C-terminally amidated peptides, as described 
earlier [16]. 

2.2. Preparation of membranes of Rin m 5F cells 

The establishment and cultivation of rat insuli- 
noma Rin m 5F cell cultures has been described 
previously [10]. Briefly, the cells were grown in 
RPMI-1640 (GIBCO, Gaithersburg, MD, USA) 
medium containing 10% (v/v) fetal calf serum, 2 
mM L-glutamine, 100 lU/ml penicillin and 100 
jig/ml streptomycin, in 4% C0 2 (v/v) enriched air 
at 37°C. The cells were split every 5 days. For the 
preparation of membrane fractions used in binding 
studies the cells were harvested with a rubber ' poli- 
ceman* and pelleted at 400 g for 5 min at 4°C. The 
cells were exposed to hypoosmotic shock in 5 mM 
HEPES buffer (pH 7.4) on ice for 15 min. The 
suspension was centrifuged at 10,000 g for 15 min 
and the resulting pellet resuspended in bacitracin- 
containing (1 mg/ml) 5 mM HEPES-buffered 
Krebs-Ringer solution (137 mM NaCl, 2.68 mM 
KC1, 2.05 mM MgCl 2 , 1.8 mM CaCl 2 , 1 g/1 glu- 
cose), pH 7.4, supplemented with 0.05% (w/v) 
bovine serum albumin (BSA), and used immediately 
in equilibrium binding experiments. 

2.3. Preparation of radioiodinated galanin and M35 

Porcine [ 125 I]galanin (specific activity 1800-2000 
Ci/mmol), radioiodinated by the chloramine-T 
method using a 1 : 4 molar ratio of Na 125 I to galanin, 
was prepared as described before [15], The optimal 
reaction conditions for the radioiodination of M35 by 
the chloramine-T method were preadjusted using 
Na 127 I. For radioiodination, 2.6 nmol (5.9 /xg) of 
M35 in 20 itl of 50 mM sodium phosphate buffer, 
pH 7.5, and 20 til of chloramine-T (0.5 mM) in the 
same buffer were added to 5 mCi Na 125 I. After 2 
min, the reaction was stopped by addition of 100 /xl 
sodium metabisulfite solution (1.2 mg/ml) and 200 
fi\ KI solution (2 mg/ml). The reaction mixture was 
transferred to a SP-Sephadex C-25 column (0.8 x 10 
cm) pre-equilibrated with 1 ml of 50 mM sodium 
phosphate buffer, pH 5.0, containing 10% (w/v) 
BSA and pre-eluted with 15 ml of the same buffer 
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without albumin. The unreacted Na 125 I was eluted 
with 50 niM sodium phosphate buffer, pH 5.0, and 
[ 125 I]M35 was eluted as a single peak with 100 mM 
glycine-NaOH buffer, pH 10.0. Specific activity of 
[ 125 I]M35 was calculated to be 500-700 Ci/mmol 
based on the finding that 45-47% of the peptide was 
iodinated by 127 I in 'cold' labelling to yield 
monoiodo[ 127 I]M35 (Fig. 1). The fractions corre- 
sponding to the radioactive peak of [ 125 I]M35 were 
pooled and aliquots stored at — 70°C for 4 weeks 
without considerable loss of activity. The M35-con- 
taining solutions were collected in tubes silanised 
with 'Sigmacoat* (Sigma). 

2 A. Ligand binding studies 

Displacement experiments were performed using 
a filtration technique as described earlier [15], except 
that bacitracin (1 mg/ml) was included in the mem- 
brane preparation buffer. [ 125 I]galanin (0.2 nM) or 
[ 125 I]M35 (0.1 nM) were used as radiolabeled lig- 
ands. Specific binding was defined as that portion of 
the total binding displaceable by 1 /xM unlabelled 
galanin. 

The direct binding isotherms of [ 125 I]M35 and 
[ 125 I]galanin to membrane homogenates (in this case 



BSA was omitted from the binding buffer) were 
obtained by incubating the radioligand (in the con- 
centration range from 0 to 3 nM) with the mem- 
branes at 37°C for 30 min. Specific binding at each 
concentration was determined and free versus bound 
[ 125 I]M35 or [ 125 I]galanin were plotted. Protein con- 
centration was determined by the method of Peterson 
[20]. When studying the effect of GTP on M35 
binding, GTP at a final concentration of 0.1 mM was 
added directly to the binding buffer. Pertussis toxin 
treatment of cells was carried out by the addition of 
0.1 jtg/ml of pertussis toxin (SBL, Stockholm, 
Sweden) to the cell culture medium for overnight 
incubation. Membranes were thereafter prepared as 
above. 

All kinetic and equilibrium binding constants were 
calculated by fitting the experimental data using the 
non-linear least squares method of the program 
'KaleidaGraph* on Macintosh II. K D values for 
different ligands were calculated from their respec- 
tive ICso values using the Cheng-Prusoff equation 
[7]. 

2.5. Cyclic AMP assay 

The effects of M35, galanin and bradykinin on the 
forskolin-stimulated cyclic AMP production were 



a) 
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Fig. 1. (a) HPLC chromatogram showing the labelling reaction of M35 with 127 1. The separation was performed on a reversed-phase C-18 
column using a 20-60% (v/v) gradient of acetonitrile in H 2 0. The identity of peaks corresponding to non-, mono- and di- iodinated M35 
was confirmed by PDMS. (b) Displacement of [ 125 I]galanin from Rin m 5F cell membranes by non-labelled M35 and [ l27 I]M35 without 
separation from other reaction products prior to binding. 
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Fig. 2. Saturation binding of [ 12S I]M35 and [ 12S I]galanin to membranes of Rin m 5F cells. Non-specific binding for [ l25 I]M35 as determined 
in the presence of M35 (1 /iM) did not exceed 45% at any concentration used of the labelled ligand. Non-specific binding for [ 125 1]galanin 
as determined in the presence of galanin (1 /iM) did not exceed 30% at any concentration used of the labelled ligand. 



studied using Rin m 5F cell membranes preincubated 
at 37°C for 30 min with the cyclic phosphodiesterase 
inhibitor IBMX (0.2 mM) and the protease inhibitors 
aprotinin (10 mg/ml) and bacitracin (0.5 mg/ml). 
Forskolin (1 /iM), galanin (10 nM) and M35 (1, 5, 
10, 15, 30 nM) were added to a cell suspension of 
10 6 cells in a total volume of 150 i±\. The incubation 
was carried out for 15 min at 37°C and stopped by 
the addition of 50 /xl of EDTA (50 mM) and boiling 



for 3 min. The cAMP content was determined by the 
[ 3 H]cAMP binding assay according to Brown [4]. 



3. Results 

M35 was radioiodinated to yield ([ 125 I]monoiodo- 
Tyr 9 )-galanin-(l-13)-bradykinin-(2-9)amide 
([ 125 I]M35). In direct saturation binding experiments 




Fig. 3. Displacement of [ ! "llgalanin (a) and [ n5 IjM35 (b) from the membranes of Rin m 5F cells by M35 (triangles), galanin (dots) and 
galanin-(l-13) (circles). The curves represent one of two similar experiments and each point is the mean of triplicates. 
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Fig. 4. Effects of GTP and pertussis toxin on the displacement of [ ,25 I]M35 from Rin m 5F cell membranes by non-labelled M35: (a) 
(circles) GTP (0.1 mM), (triangles) control; (b) (circles) pertussis toxin (0.1 /xg/ml), (triangles) control. Each curve is the representative of 
one experiment out of three; each point is the mean of duplicates. 




Fig. 5. The effect of galanin (10 nM) and galanin (10 nM) + M35 (1-30 nM) on the forskolin (1 ftM) stimulated cyclic AMP production in 
Rin m 5F cells (results of one representative experiment out of five; each bar is the mean of triplicates). P < 0.05 (f-test) M35 10 nM vs. 
M35 1 nM; Gal 10 nM + M35 15 and 30 nM vs. M35 10 nM in the presence of 10 nM of galanin. 
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Table 1 

Dissociation constants of M35, gal an in and galanin-(l-13) in the 
displacement of [ 125 I]M35 and of [ l25 I]galanin from the mem- 
branes of Rin m SF cells 



Ligand 


AT D (nM) 






[ l25 I]M35 


[ I25 I]galanin 




as radioligand 


as radioligand 


Galanin-(l-29) 


1.5 ±0.4 


1.1 ±0.5 


M35 


0.2 ±0.1 


0.3 ±0.1 and 520 ±30 


Galanin-(1-13) 


31.6 ±15.6 


19.8 ±2.2 



Data from two full displacement curves (each point is a mean of 
triplicates). 



[ ,25 I]M35 bound with high affinity (K D = 0.9 ± 0.1 
nM) to a single class of binding sites on Rin m 5F 
cell membranes (Fig. 2). The apparent 5 max for 
[ 125 I]M35 was found to be lower (72 ± 3 fmol/mg 
protein) than that of [ 125 I]monoiodo-Tyr 26 -galanin, 
which was found to be 105 ± 16 fmol/mg protein 
(Fig. 2). M35 was able to fully displace [ 125 I]mono- 
iodo-Tyr ^-galanin, revealing two binding sites on 
Rin m 5F cells with two different affinities (Fig. 3a, 
Table 1). The high-affinity binding (K D = 0.3 ±0.1 
nM) accounted for 77 ± 3% of the galanin binding 
sites, whereas the low-affinity site (K D — 0.52 ± 0.03 
/xM) corresponded to 19 ± 4% of the total galanin 
binding sites (Fig. 3a). This low-affinity site could 
not be assessed in direct saturation binding of 
[ 125 I]M35 (Fig. 2). 

We could not find any data in the literature 
indicating the presence of any type of bradykinin 
receptors in this particular insulinoma cell line nor in 
normal pancreatic 0-cells. Nevertheless, bradykinin 
was tested in binding experiments, but no displace- 
ment of [ 125 I]M35 by this peptide could be detected 
at concentrations up to 10 ~ 5 M (data not shown). 

The effects of GTP and of pertussis toxin catal- 
ysed ADP-ribosylation on the binding of M35 to the 
galanin receptors of Rin m 5F cells were studied. 
90% of the [ 125 I]M35 binding was abolished in the 
presence of GTP (0. 1 mM) (Fig. 4a). Pertussis toxin 
pretreatment (0.1 Aig/ml) of Rin m 5F cells lead to 
a 87% loss of the [ 125 I]M35 binding (Fig. 4b). 

The effect of M35 on galanin mediated inhibition 
of forskolin stimulated cyclic AMP production was 
also studied. M35 at low concentrations (1 nM) had 
no effect on the forskolin stimulated production of 
cAMP. Galanin at 1 nM was not able to affect the 



forskolin stimulated cAMP production, and addition 
of 1 nM M35 did not alter this (data not shown). 
However, when co-applied with galanin (10 nM), 
M35 at low concentrations (1 nM) was able to 
reverse the inhibitory effect of galanin (Fig. 5), but 
when present at higher concentrations (15 and 30 
nM), M35 acted as a galanin receptor agonist, in- 
hibiting the forskolin stimulated production of cAMP. 
This agonist-like effect of M35 at concentrations 
above 10 nM was not additive to the effect of 
galanin at a concentration which produced maximal 
inhibition of the forskolin stimulated adenylate cy- 
clase activity (10 nM) (Fig. 5). Bradykinin (1-10 
fiM) did not have any effect on the basal or the 
forskolin stimulated adenylate cyclase activity. Nei- 
ther was bradykinin (10 /iM) able to affect the 
inhibition of forskolin stimulated adenylate cyclase 
by galanin (10 nM) or its reversal by M35 (1 nM), 
respectively. 



4. Discussion 

The development of chimeric galanin receptor 
antagonists such as M15 and M35 have facilitated 
the elucidation of some physiological effects of en- 
dogenous galanin [1,11,18,24]. However, the mecha- 
nism on which their antagonism is based remains to 
be established. We show in the present study that 
M35 is a high-affinity galanin receptor ligand in Rin 
m 5F cells, recognising two binding sites with differ- 
ent affinities. The low-affinity binding sites {K 0 = 
0.52 /aM) detected by the displacement of 
[ 125 I]galanin by M35, are not detectable in saturation 
binding studies using [ 125 I]M35 (Fig. 2). These low- 
affinity binding sites do not arise from the interac- 
tions of M35 with bradykinin receptors albeit M35 
contains bradykinin-(2-9) in its C-terminus, since 
bradykinin (1 fiM) did not affect the binding of 
either [ 125 I]galanin or [ 125 I]M35. 

The agonist nature of M35 is shown by the sensi- 
tivity of M35 binding to GTP and pertussis toxin 
catalysed ADP-ribosylation (Fig. 4). Previous studies 
have shown that GTP lowers the affinity of galanin 
to its receptors [14], similar to findings for agonists 
of many other Gj/G 0 -protein coupled receptors. Fur- 
thermore, pertussis toxin treatment lowers the bind- 
ing affinity of galanin to its receptors in rat hip- 
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pocampus [9] and in vivo administration of pertussis 
toxin abolishes the effects of galanin [8]. Here we 
show that the high-affinity binding of [ l25 I]M35 and 
of non-labelled M35 is also suppressed by the pres- 
ence of GTP (0.1 mM) or by treatment of the cells 
with pertussis toxin (0.1 ^tg/ml) prior to binding 
studies. These effects indicate that M35 binds in an 
agonist manner, since antagonist binding is usually 
unaffected by these treatments. 

The behaviour of chimeric peptides in complex 
biological systems is difficult to interpret, although 
several of these peptides have played an important 
part in defining the role of endogenous galanin in the 
peripheral nervous system [23] and in several CNS 
regions [1,17]. Their present use is motivated by the 
lack of bona fide antagonists of a peptide or non- 
peptide nature to the galanin receptor. We attempt 
here, using a simple system, to explain complex 
effects of chimeric peptides at galanin receptors. It is 
clear from this study, conducted on a homogeneous 
cell population possessing galanin receptors (and 
lacking bradykinin receptors), that the high-affinity 
binding of the chimeric peptide M35 is accompanied 
by blockade of galanin actions exerted at galanin 
receptors from which M35 displaces galanin. This 
study, however, does not adequately explain in 
molecular terms how the antagonist actions of M35 
at low concentrations (below 10 nM) are exerted. 
With respect to the agonist type of actions of M35, it 
is clear from the lack of additivity of the effect of 
M35 with the effect of supra maximal concentrations 
of galanin that these agonist actions of M35 are also 
exerted at galanin receptors, and the likely reason for 
this is that the M35 structure contains the intact 
N-terminus of galanin (i.e., galanin-(l-13)) which is 
a low-affinity full agonist. 

In conclusion, we have demonstrated here that the 
chimeric peptide M35, which acts as a galanin recep- 
tor antagonist in some biological systems, is a high- 
affinity ligand to galanin receptors of Rin m 5F cells. 
M35 is not a 'silent' antagonist and at higher concen- 
trations exerts agonist action at the Rin m 5F galanin 
receptors inhibiting adenylate cyclase activity. 
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